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Abstract —We propose a space-frequency (SF) block coding 
scheme for a multiple-inpnt multiple-output (MIMO) orthogonal 
frequency-division multiplexing (OFDM) system using antennas 
with reconfigurable radiation patterns. In this system, each 
element of the antenna array at the transmitter side is assnmed to 
be reconfigurable so that it can independently change the physical 
characteristics of its radiation pattern. The proposed block code 
is full rate and benefits from spatial, frequency, and reconfig¬ 
urable radiation pattern state diversity over frequency-selective 
fading channels. We provide simulation results to demonstrate 
the performance of the proposed block coding techniqne and 
make comparisons with that of the previous SF coding schemes 
in MIMO-OFDM systems. The results indicate that the proposed 
code achieves higher diversity and coding gain compared to other 
available SF codes. 

Index Terms —Frequency-selective fading channels, multiple- 
input multiple-output-orthogonal frequency-division multiplexing 
(MIMO-OFDM) systems, space-frequency (SF) coding, reconfig¬ 
urable antennas. 

I. Introduction 

Reconfigurable antennas can be used in multiple-input 
multiple-output (MIMO) communication systems to increase 
tbe capacity and reliability of wireless links Q-ia. In a re¬ 
configurable MIMO system, tbe cbaracteristics of each antenna 
radiation pattern can be changed by placing switching devices 
such as Microelectromechanical Systems (MEMS), varactor 
diodes, or field-effect transistor (FET) within the antenna 
structure ni-ii. As a result, a system employing reconfig¬ 
urable antennas is able to alter the propagation characteristics 
of the wireless channel into a form that leads to a better signal 
quality at the receiver. In fact, by using reconfigurable antennas 
and designing a proper code, we can achieve an additional 
diversity gain that can further improve the performance of 
wireless communication systems. 

There are several works in the literature on designing 
efficient codes for reconfigurable MIMO systems in order to 
take advantage of the antenna reconfigurability. In Q, authors 
have proposed a MIMO system equipped with reconfigurable 
antennas at the receiver that can achieve a diversity order that 
equals to the product of the number of transmit antennas, the 
number of receive antennas and the number of reconfigurable 


states of the receive antennas. They have shown that this diver¬ 
sity gain is achievable only under certain channel propagation 
conditions and using an appropriate coding technique. Later 
on, in 0 authors extended the concept by using reconfigurable 
elements at both transmitter and receiver sides. In their work, 
they have introduced a state-switching transmission scheme, 
called space-time-state block coding (STS-BC), to further 
utilize the available diversity in the system over fiat fading 
wireless channels. However, their coding scheme does not 
exploit the frequency diversity offered by the multipath prop¬ 
agation channels between each transmit and receive antenna 
pair. 

To obtain frequency diversity in multipath environment, a 
space-frequency (SF) block code was first proposed by authors 
in Eol, where they used the existing space-time (ST) coding 
concept and constructed the code in frequency domain. Later 
works M-M also used similar strategies to develop SF 
codes for MIMO-OFDM systems. However, the resulting SF 
codes achieved only spatial diversity, and they were not able 
to obtain both spatial and frequency diversities. To address this 
problem, a subcarrier grouping method has been proposed in 
ifTTl to further enhance the diversity gain while reducing the 
receiver complexity. In ifTSl . a repetition mapping technique 
has been proposed that obtains full-diversity in frequency- 
selective fading channels. Although their proposed technique 
achieves full-diversity order, it does not guarantee full coding 
rate. Subsequently, a block coding technique that offers full- 
diversity and full coding rate was derived iTl^ . ll20l . However, 
the SF codes proposed in the above studies and other similar 
works on the topic are not able to exploit the state diversity 
available in reconfigurable multiple antenna systems. 

In this paper, we propose a coding scheme for reconfig¬ 
urable MIMO-OFDM systems that achieves multiple diversity 
gains, including, space, frequency, and state. Basically, the 
proposed scheme consists of a code that is sent over transmit 
antennas, OFDM tones, and radiation states. In order to obtain 
state diversity, we configure each transmit antenna element to 
independently switch its radiation pattern to a direction that 
can be selected according to different optimization criteria, 
e.g., to minimize the correlation among different radiation 


states. We construct our proposed code based on the funda¬ 
mental concept of rotated quasi-orthogonal space-time block 
codes (QOSTBC) ll2TI - ll^ . By using the rotated QOSTBC, 
the proposed coding structure provides rate-one transmission 
(i.e., one symbol per frequency subcarrier per radiation state) 
and leads to a simpler Maximum Likelihood (ML) decoder. As 
the simulation results indicate, our proposed code outperforms 
the existing space-frequency codes substantially. 

The rest of this paper is organized as follows. In Section HU 
we introduce the channel and system model for a reconfig- 
urable MIMO-OFDM system. In Section|nIl we briefly discuss 
the code design for reconfigurable multiple antenna systems. 
Simulation results are presented in Section IIVI and finally 
conclusions are drawn in Section IV] 

Notation: Throughout this paper, we use capital boldface 
letters for matrices, and lowercase boldface letters for vectors. 
(•)^ denotes transpose of a vector. C stands for the set 
of complex valued numbers. Operator diag(ai, 02 , • • • ,an) 
represents a diagonal n x n matrix whose diagonal entries 
are ai, 02 , • • • , a„. [-J stands for the floor operation and Ijv 
represents the N x N identity matrix. Operator col{-} stacks 
up the matrices on top of each other. 

IT Channel and System Models for 
Reconfigurable MIMO-OFDM Systems 

Consider a MIMO-OFDM system with Mt reconfigurable 
elements at the transmitter where each of these elements is 
capable of electronically changing its radiation pattern and 
creating P different radiation states as shown in Fig. [D In 
this system, we assume the receiver antenna array consist 
of Mr omni-directional elements with fixed radiation pat¬ 
terns. Moreover, we consider an Nc-tone OFDM modulation 
and frequency-selective fading channels with L independent 
propagation paths between each pair of transmit and receiver 
antenna in each radiation state. The channel gains are quasi¬ 
static over one OFDM symbol interval. The channel impulse 
response between transmit antenna i and receive antenna j in 
the p-th radiation state can be modelled as 

L-l 

1=0 

where t; p is the Z-th path delay in the p-th radiation state, 
and a^p^{l) is the complex amplitude of the Z-th path between 
the i-th reconfigurable transmit antenna and the j-th receive 
antenna in the p-th radiation state. The average total received 
power is normalized to one. 

The frequency response of the channel at the n-th subcarrier 
between transmit antenna i and receive antenna j in the p-th 
radiation state is given by 

L-l 

1=0 

where A/ = l/Tg is the subcarrier frequency spacing and Tg 
is the OFDM symbol duration. The space-frequency codeword 


transmitted during the p-th radiation state, Cp G QMtxNc^ 
be expressed as 
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where Cp(n) denotes the data symbol transmitted by transmit 
antenna i on the n-th subcarrier during the p-th radiation state. 

At the receiver, after cyclic prefix removal and FFT, the 
received frequency domain signal of the n-th subcarrier and 
p-th radiation state at the j-th receive antenna can be written 
as 



where iFp’-' (n) is the frequency response of the channel at 
the n-th subcarrier between transmit antenna i and receive 
antenna j in the p-th radiation state as defined in (|2]i, z^{n) is 
the additive complex Gaussian noise with zero mean and unit 
variance at the n-th subcarrier, and 7 is the received signal-to 
noise ratio (SNR). 

The received signal during the p-th radiation state 
Yp = [yj(0) yj(l) ••• YpiNc - l)]"^ with yp(n) = 
[Pp(n) Upin) ■ ■ ■ can be written as 


where 


Yp = 



+ Zp, 


( 5 ) 


Hp = diag{Hp(0), Hp(l), • • • , Hp(iV, - 1)} (6) 

is the channel matrix, Cp = vec(Cp) is the transmitted 
codeword, and Zp G QNcMrxi ^oise vector during the 

p-th radiation state. In (|6|, Hp(n) is an Mr x Mt channel 
matrix with entries defined in (|2]i. 

The SF codeword over all P radiation states can be repre¬ 
sented as 

C= [Cl, C 2 , , Cp], (7) 

where Cp is given in Q. The received signals over all radia¬ 
tion states is defined by y = [yf y|’ ■ • ■ yp]^ G 
and can be represented by 


where c = vec(C), H = diag{Hi, H 2 , ••• , Hp} G 
QPNaMrxPNaMt jjjg overall channel matrix, and z = 
[zf z|’ • ■ • Zp]^ G C^^cMrXi jg ijjg noise vector. 





Fig. 1. Block diagram of a Reconfigurable MIMO-OFDM system employing reconfigurable antennas at the transmitter. 


III. Space-Frequency Code Design eor 
Reconfigurable MIMO-OFDM Systems 

In this section, we present our proposed coding scheme for a 
reconhgurable antenna system, where each antenna elements 
can independently change its radiation pattern direction. In 
particular, we construct the code based on the principle of a 
quasi-orthogonal coding structure for an arbitrary number of 
transmit antennas and radiation pattern states. In each radiation 
state, we consider a coding strategy where the SF codeword 
is a concatenation of G™ as follows: 

Cp = [Gl^Gf ■ ■ ■ Gf(9) 

where M = and Ojv is the all-zeros N x N matrix. In 

this expression, 0jv will disappear if is an integer multiple 
of LMt- In this work, for simplicity, we assume Nc = LMtq, 
for some integer q. Each G™ matrix, m S ,M}, 

takes the following form: 

G™=col{Xi, X 2 , ••• , Xi}, (10) 

where X; is the Mt x Mt block coding matrix which is 
equivalent to an Alamouti code structure for M* = 2. To 
maintain simplicity in our presentation, we design the code 
for Mt = 2 transmit antennas, however, extension to Mt > 2 
is possible by following the similar procedure. In the case of 
having two transmit antennas, X; = A(a:i,X 2 ), where 


A{xi,X2) 


Xi X2 
-X*2 Xl ’ 


and therefore G™ can be expressed as 


( 11 ) 
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In (inii, 5™ is a set of combined symbols, computed as 


r cm cm _ , cm 1 ^ I „m m , . m 1 ^ 
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= s-s-... 

(13) 


where {s™)''' ) s'^pl} 1® ^ block of symbols belonging to a 
constellation A © = U x diagjl, ..., and U 

is a PL X PL Hadamard matrix. The 9i’s are the rotation 
angles. Different optimization strategies can be used to find 
the optimal values of rotation angles 9i’s, such that they 
maximize the coding gain. The objective function in this 
optimization is defined as the minimum Euclidean distance 
between constellation points. 

As an example, consider a reconfigurable MIMO-OEDM 
system with Mt = 2 transmit antennas, P — 2 radiation 
states, and L = 2 multipaths. In this scenario, the transmitted 
codewords Ci and C 2 given in (fT4l) are constructed according 
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( 14 ) 






















































to (|9|l. The entries of Cp are computed using ( fOl l. As a result, 
we obtain Cf as 
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( 16 ) 

where Si = Si = and Si = e^^^Si. Note that 

the above codeword provides rate-one transmission (i.e., one 
symbol per OFDM tone per radiation state). 

IV. Simulation Results 

In this section, we present simulation results for both 
conventional and reconfigurable MIMO-OFDM systems. The 
reconfigurable multiple antenna system employs antenna ele¬ 
ments capable of dynamically changing their radiation pattern 
directions at the transmitter, where in this work, we consider 
that each element has P — 2 radiation states. The conventional 
MIMO-OFDM system uses omni-directional antenna elements 
with fixed radiation pattern at both transmitter and receiver 
ends. For both systems, we consider Mt = 2 antennas at 
the transmitter and Mr = 1 antenna at the receiver and an 
OFDM modulation technique with Nc = 128 subcarriers as 
well as a cyclic prefix equal to or longer than the maximum 
channel delay spread. In our simulations, we consider that the 
receiver has perfect channel state information. We also assume 
that the symbols are chosen from a BPSK constellation, 
leading to a spectral efficiency of 1 bit/sec/Hz if the cyclic 
prefix overhead is ignored. The average symbol power per 
transmit antenna is set to be Eg = l/Mj and the noise 
variance is = I/ 7 . We carry out the simulations for 
a 2 -ray equal power channel model for two different delay 
spreads. Furthermore, for a reconfigurable antenna system, 
we assume the same delay spread for both radiation states 



Fig. 2. BER vs. SNR for a reconfigurable multi-antenna system with Mt = 2, 
P = 2, Mr = 1 in a 2-ray channel with a delay spread of bfis 

(i.e., T; 1 = t;_ 2 )- The channel coefficients ay^{l) are zero- 
mean identically-distributed Gaussian random variables with 
a variance of We assumed that they are independent for 
each multipath, transmit antenna and radiation pattern state. 
The powers of all paths in each radiation state are normalized 
such that crf^ = 1. For our proposed QOSF scheme, the 

rotation angles are chosen as 6 *i = 02 = f. and 03 = ^. 

Fig. |2] shows the bit error rate (BER) performance of the 
proposed code in multipath propagation channels with a delay 
spread of t = 5/rs. As shown in this figure, the proposed code 
outperforms those of m and 1201 . In particular, at a bit error 
rate of 10 “®, the performance improvement compared to ifTOl 
and l20l is nearly 7 and 6 dB, respectively. This performance 
improvement demonstrates the superiority of our proposed 
scheme which is due to the extra diversity gain offered by 
the use of reconfigurable antenna elements. 

Fig. |3] depicts the BER performance of the proposed code 
for a delay spread of r = 20/is. It is evident from the 
figure that at a BER of 10“®, our proposed coding scheme 
outperforms the codes presented in 1191 and 1^ by about 6 
and 4 dB, respectively. Compared to the results in Fig. |2] it can 
be seen that as delay spread increases, the BER performance 
improves. This is due to benefiting from lower correlation 
between subcairiers, and therefore higher frequency diversity 
in multipath propagation channels. 

V. Conclusions 

We proposed a space-frequency coding technique for 
MIMO-OFDM systems using antennas with reconfigurable 
radiation patterns. The proposed code is constructed based on 
the principle of quasi-orthogonal coding scheme and consists 
of a block of transmitted symbols expanding over space, 
frequency, and radiation state dimensions. We provided simu¬ 
lation results to demonstrate the performance of the proposed 
















































Fig. 3. BER vs. SNR for a reconfigurable multi-antenna system with Mt = 2, 
P = 2, Mr = 1 in a 2-ray channel with a delay spread of 20/is 

coding scheme and make comparisons with that of the pre¬ 
vious SF coding schemes. In these experiments, it has been 
shown that the proposed code provides additional diversity and 
coding gains compared to the previously designed SF codes 
in MIMO-OFDM systems. 
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